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Abstract
Super-Kamiokande can search for dark matter by detecting neutrinos and muons which are produced by WIMP pair
annihilations occurring inside the Sun. The huge gravity and hydrogen-rich composition of the Sun combined with
high sensitivity of Super-Kamiokande for low energy (few GeV) neutrinos allow us good sensitivity to light (few GeV
to few 10 GeV) WIMP dark matter, especially for spin-dependent coupling ones. In this analysis, we increased sig-
nal acceptance by using fully-contained and partially-contained neutrino events added to up-going muons in Super-
Kamiokande. We performed least-squares ﬁtting to use energy, direction and ﬂavor information. We used 3903 days of
Super-Kamiokande I-IV data to ﬁnd the allowed contribution of WIMP-induced neutrino events added to large back-
ground of atmospheric neutrino events. As a result, we found no signal observed and the null result is interpreted as
upper limit on the spin-dependent WIMP-proton elastic scattering cross-section for χχ → bb¯ and χχ → τ+τ− WIMP
annihilation channels. We set current best limit for WIMP mass below 100 GeV.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
As a candidate for non-baryonic cold dark matter particle arising from rich cosmological motivations,
weakly interacting massive particles (WIMPs) are naturally favored as their thermal relic abundance is auto-
matically of the right order of magnitude (“WIMP miracle”). Moreover, it is motivated in supersymmetric or
dimensional extensions of the Standard Model of particle physics. A promising way to identify the WIMP-
like dark matter particle is to search for excess neutrino ﬂux from the Sun generated by self-annihilation of
WIMPs inside the Sun. As the Sun travels on the Milky Way arm, WIMPs may get gravitationally bound if
they lose energy by scattering oﬀ nuclei in the Sun, and pair-annihilate in deep core in which produced neu-
trinos can propagate and be detected in terrestrial detectors. Considering neutrino interactions inside the Sun
and the Earth, oscillation eﬀects during propagation, the WIMP Monte Carlo simulator DarkSUSY [1] and
WimpSim [2] calculate WIMP-induced neutrino ﬂux delivered at neutrino detector. Thanks to hydrogen-
rich composition and huge gravity of the Sun, tight limits on spin-dependent (SD) scattering cross-section
have been placed with neutrino telescopes.
Neutrino detectors usually interpret their null results of excess neutrino observation as upper limits on
WIMP-nucleon scattering cross-section assuming mono annihilation channel, either axial vector (SD) or
scalar (SI) coupling elastic scattering type which conserves isospin, equilibrium achieved between capture
rate and annihilation rate. These assumptions help to interpret the result in model-independent way and
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to compare it with results from others. We also assume a standard dark matter halo with local density 0.3
GeV/cm3, Maxwellian velocity distribution of WIMPs with RMS velocity of 270km/s and circular velocity
of solar system of 220km/s.
Accumulating signal claims from direct detections such as DAMA, CoGeNT, CRESST, CDMS-Si and
conﬂicting null results from CDMS-Ge, XENON10/100, IceCube, Simple, PICCASO, etc became a moti-
vation for search for light WIMP. As theoretical works [3, 4, 5, 6] indicate, taking advantage of sensitivity
for few GeV neutrino, Super-Kamiokande (SK) is expected to have strong power to examine WIMPs with
mass of few GeV to few 10 GeV. To exploit sensitivity to few GeV neutrino, our analysis is updated to use
contained neutrino events, and the ﬁrst result using SK I-IV data will be presented. Focusing on light WIMP
search, we scanned WIMP mass from 4 GeV to 200 GeV. Among fermion annihilation channels expected
to yield competitive neutrino ﬂux, τ+τ− and bb¯ channels are selected to represent strong/conservative cases.
For bb¯ channel, candidates start from 6 GeV due to kinematic constraint.
The outline of this paper is as follows. A review of the SK detector is presented in Sec. 2. Analysis
strategy is explained in Sec. 3, methods in more detail is described in Sec. 4. The result of the analysis on
neutrino ﬂux upper limit will be shown and interpreted as WIMP-proton scattering cross-section in Sec. 5.
Finally, Sec. 6 concludes.
2. Super-Kamiokande detector and event details
Super-Kamiokande is a cylindrical water Cherenkov detector located in the Kamioka mine in Japan.
The inner detector (ID) of 22.5ktons ﬁducial volume is covered with approximately 11,100 ( 5200 for SK-
II) 21-inch Hamamatsu photomultiplier tubes (PMTs) and the outer detector (OD) covered with 1,885 8-inch
PMTs is used as a veto. The Super-Kamiokande high-energy neutrino (visible energy (Evis) > 30 MeV)
data are divided into three categories: Fully contained (FC) events which deposit all of their Cherenkov light
in the ID, partially contained (PC) events which additionally have an exiting particle that deposits energy in
the OD, upward-going muon (up-μ)s which are produced by neutrino interactions in the surrounding rocks
of the detector, in which muons either stop in the detector (stopping up-μ), or pass through the detector
(through-going up-μ). Through-going up-μ events are subdivided into showering and non-showering. FC
and PC events are also further divided into sub-categories. Detailed information on event categorization,
reconstruction and reduction can be found in [7].
This analysis uses data accumulated during SK I-IV run periods. SK-I (1996 to 2001) FC/PC correspond
to 1489 live-days and up-μ events correspond to 1646 days of live time. SK-II (2002 to 2005) had 799 live-
days of FC/PC and 828 live-days of up-μ events. SK-III (2005 to 2007) contains 518 live-days of FC/PC
with 636 live-days of up-μ events. SK-IV (2007 to current) data taking is ongoing; in this analysis we used
the data collected until March 2012, containing 1096.7 live-days of FC/PC/up-μ events. Since the physi-
cal conﬁguration of the detector and its reconstruction performance vary, separate 500 year Monte Carlo
simulation (MC)s of atmospheric neutrino are generated for each SK run period. The primary atmospheric
neutrino ﬂux is taken from the Honda ﬂux11 model [8] and neutrino interactions in the detector are gener-
ated using the NEUT simulator [9, 10] and GEANT-based detector simulator. More detailed explanation of
the atmospheric neutrino MC is presented in [11, 12].
3. Analysis strategy
Previous Super-Kamiokande WIMP search [13] was done using up-μ events which dominate SK data
above 10 GeV, gaining good sensitivity for search for WIMPs in several tens of GeV to few TeV mass
range. In case of lighter WIMPs, most of the signal will go to contained neutrino event (FC+PC) categories.
Fig. 1 shows the expected signal fraction in SK event categories for candidate WIMP masses and channels
examined.
To increase signal acceptance, our analysis is updated to use FC and PC events as well, so all high-energy
events collected in SK are used. Compared to previous analysis [13] the signal acceptance is increased 40
times for 10 GeV bb¯ channel WIMP candidate. To reduce the overwhelming atmospheric neutrino back-
ground (BG) events which increase as ∝ E−2.7, angular cut approach used in previous analysis is not as
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Fig. 1. Signal fraction in SK event categories for candidate WIMPs, for bb¯ channel (left) & τ+τ− channel (right).
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Fig. 2. Left: True energy spectrum of original atmospheric muon-neutrino (νμ) (black)/ν¯μ (red)/νe (green)/ν¯e (blue) ﬂux. Right:
True energy spectrum of mimicked WIMP-induced neutrinos per annihilation for 6-GeV bb¯ channel (softer) / 200-GeV τ+τ− channel
(harder) shown together (colors are the same as on the left).
eﬃcient because the resolutions of neutrino direction are larger for contained and low-energy events. In
this analysis, we adopt ﬁtting approach whose format has been developed for SK atmospheric neutrino
oscillation analysis. The diﬀerent energy spectrum of the atmospheric neutrino back-ground and the signal,
distinctive angular distribution of the signal peaking toward the direction from the Sun and ﬂavor ratio
information are fully used in the ﬁtting approach to reduce back-ground. The details of the analysis will be
described in next section.
4. Analysis method
Under the hypothesis that collected data consists of atmospheric neutrinos as well as of WIMP-induced
neutrinos, we compare data to MC; MC originally generated for atmospheric neutrino is used in two ways
- to predict atmospheric neutrino back-ground, and to mimic the WIMP-induced neutrino signal. For later,
selected sample of MC events is weighted by the ratio of simulated WIMP-induced neutrino ﬂux and the
original atmospheric neutrino ﬂux, in which way the ﬂux information is replaced as leaving simulated de-
tector response. WIMP-induced neutrino ﬂux has ﬁxed ﬂavor ratio, energy spectrum calculated by Wimp-
Sim [2] and point-like direction coming from the Sun. Fig. 2 shows original atmospheric ﬂux and mimicked
WIMP-induced neutrino ﬂux for the representative WIMP candidates.
Back-ground events are normalized by livetime of SK data. We consider three ﬂavor oscillation for back-
ground with sin2 θ13 = 0.025, sin2 θ12 = 0.304, sin2 θ23 = 0.425, Δm212 = 7.66 × 10−5, Δm232 = 2.66 × 10−3.
Tau MC [14] is also used for atmospheric tau-neutrino back-ground generated in neutrino oscillation. The
data and MC are further divided into 18 sub-samples which help to exploit diﬀerent characteristics of signal
from back-ground. Events in each sample are distributed in total 480 bins of reconstructed momentum and
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Fig. 3. 90% Upper limit of WIMP-induced muon-neutrino ﬂux.
angular distribution for which we deﬁne angle as the direction between reconstructed event direction and
the direction from the Sun (cosθS un) instead of zenith angle.
For each mass and annihilation channel of WIMP hypothesis, we compare data and MC using pulled
least-squares technique based on a Poisson probability distribution to ﬁnd the allowed contribution of signal
added to back-ground which best matches the data. One global parameter β without prior limit varies the
overall normalization. The “pull” approach allows us to incorporate systematic errors easily [15] in the
ﬁtting as:
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where n is the index of the bins; Ndatan is the number of events observed in each bin; N
BG
n is the back-
ground expectation in the bin; Nχn is the number of events of signal sample in the bin where β stands for the
allowed fraction of it so that βNχn is interpreted as allowed contribution of WIMP-induced neutrino in the
bin. The systematic errors are separately considered for back-ground and signal. σ j is the 1σ value of the
j-th systematic error,  j is the pull to it and f nj /g
n
j is the fractional change in the predicted background/signal
in the n-th bin due to 1σ change of the j-th systematic error. For both signal and background, 73 sources
of systematic errors are considered in the prediction of atmospheric neutrino ﬂux, WIMP-induced neutrino
ﬂux, neutrino interaction, event reduction, selection and event reconstruction. In the pulled approach, χ2 is
estimated by solving δχ2/δ j = 0 for all  j’s.
For 13 tested WIMP hypotheses, we found the results of ﬁtting are consistent with the hypothesis of
no WIMP-induced neutrino contribution, and we set 90% upper limits on WIMP-induced muon-neutrino
ﬂux considering detection eﬃciency. To set a physically-meaningful conﬁdence limit, we follow a Bayesian
approach [16] and renormalize the normal distribution in the region where β falls in physical region (β > 0).
5. Result
Figure 3 shows the derived 90% upper limit on the WIMP-induced muon-neutrino ﬂux.
Under the assumption of equilibrium between WIMP capture and annihilation in the Sun, amount
of WIMP-induced neutrino ﬂux scales with WIMP-nucleon scattering cross-section. Upper limit on SD
WIMP-proton cross-section is derived using DarkSUSY [1]. We consider several source of uncertainties in
capture process as listed in table 1. The upper limit on SD WIMP-proton cross-section is shown in Fig. 4
together with other experimental limits.
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mχ form solar solar Jupiter
(GeV) factor model evaporation depletion
4∼ <1% 3% <1% <1%
50∼ <1% 3% <1% <1%
200 <1% 3% <1% <1%
Table 1. Relative magnitudes of systematic uncertainties taken for SD scattering capture process of WIMPs in the Sun for the mass
range of WIMPs investigated.
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Fig. 4. 90% Upper limit on SD WIMP-proton cross-section with limits from other detectors.
6. Conclusion
The ﬁrst WIMP search using contained events in SK is shown. The result of the study is consistent with
no signal from 10 GeV WIMP with SD coupling size of 1.1 × 10−39cm2/1.1 × 10−40cm2 to proton when
τ+τ−/bb¯ annihilation channel is assumed. The derived upper limit on SD WIMP-proton cross-section gives
the most stringent constraint to date for WIMP mass below 100 GeV.
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